Osteoarthritis (OA) poses a tough challenge worldwide. Adipose-derived stem cells (ASCs) have been proved to play a promising role in cartilage repair. However, enzymatic digestion, ex vivo culture and expansion, with significant senescence and decline in multipotency, limit their application. The present study was designed to obtain micro-fragmented adipose tissue (MFAT) through gentle mechanical force and determine the effect of this stem cell-based natural scaffold on repair of fullthickness cartilage defects. In this study, ASCs sprouted from MFAT were characterized by multi-differentiation induction and flow cytometry. Scratch and transwell migration assays were operated to determine whether MFAT could promote migration of chondrocytes in vitro. In a rat model, cartilage defects were created on the femoral groove and treated with intra-articular injection of MFAT or PBS for 6 weeks and 12 weeks (n ¼ 12). At the time points, the degree of cartilage repair was evaluated by histological staining, immunohistochemistry and scoring, respectively. Two unoperated age-matched animals served as native controls. ASCs derived from MFAT possessed properties to differentiate into adipocytes, osteocytes and chondrocytes, with expression of mesenchymal stem cell markers (CD29, 44, 90) and no expression of hematopoietic markers (CD31, 34, 45 ). In addition, MFAT could significantly promote migration of chondrocytes. MFAT-treated defects showed improved macroscopic appearance and histological evaluation compared with PBS-treated defects at both time points. After 12 weeks of treatment, MFAT-treated defects displayed regular surface, high amount of hyaline cartilage, intact subchondral bone reconstruction and corresponding formation of type I, II, and VI collagen, which resembled the normal cartilage. This study demonstrates the efficacy of MFAT on cartilage repair in an animal model for the first time, and the utility of MFAT as a ready-to-use therapeutic alternative to traditional stem cell therapy.
Introduction
Articular cartilage damage is one of the most central factors involved in the development of osteoarthritis, the most prevalent joint disease 1, 2 . Because of the lack of blood vessels, the injured cartilage cannot spontaneously regenerate without therapy 3, 4 . Unoperated strategies such as intra-articular injection of hyaluronic acid sodium, platelet-rich plasma, and concentrated cytokines are considered beneficial treatments for the early lesions [5] [6] [7] [8] . Subchondral microfracture and transplantation of autologous chondrocytes or cartilage combined with tissue engineering are traditional surgical treatments [9] [10] [11] [12] . However, none of these approaches is entirely satisfactory because of uncertain and inconsistent results 13, 14 . There is an urgent need to discover a better remedy to restore the structure and function of damaged cartilage.
In recent years, increasing attention to mesenchymal stem cells (MSCs) has led to new and effective therapies for cartilage regenerative medicine 15 . These multipotent cells can be harvested from various tissues, such as adipose tissue, bone marrow, periosteum, and synovium [16] [17] [18] [19] . Owing to their abundant source and easy access, adipose-derived stem cells (ASCs) have become the principal source of MSCs, with multidirectional differentiation properties into adipocytes, osteoblasts, chondrocytes, and other lineages, which have been investigated by experimental studies in vitro or in vivo [20] [21] [22] . ASCs are routinely harvested by the enzymatic method and then expanded for several generations to sufficient quantity, with significant aging and a decline in multipotency as well as the destruction of the vascular matrix 23 . Meanwhile, we find that the traditional enzymatic method to acquire ASCs may destroy surface structures which are important to cell viability and differentiation ability. Moreover, it takes a lot of time to expand into the desired amount ex vivo, leading to senescence. The heterologous enzymes and fetal bovine serum (FBS) used in the digestion and culture process have complex regulatory concerns related to good manufacturing practice (GMP) guidelines [24] [25] [26] .
With the aim of avoiding these problems, we attempted to process adipose tissues with gentle mechanical force using a neoteric and completely closed device, Lipogems ® , where the fat is washed, emulsified, and micro-fragmented to remove blood and oil residues 27, 28 . The system reduces the adipose cluster dimensions, provides ready-to-use microfragmented adipose tissue (MFAT) in a short time without cell expansion, enzymatic treatment or other major manipulations, and maintains an intact stromal vascular niche, which is regarded as a reservoir of a heterogeneous cellular population including pericytes, the origin of ASCs 29 . The purpose of our study was to determine whether MFAT could promote the repair of damaged cartilage with the key elements including natural scaffold (the adipose tissue structure), cells (ASCs), and growth factors (secreted cytokines and chemokines) to support the regenerative process. To do this, we used full-thickness osteochondral defects in a rat model and analyzed the effect of MFAT on cartilage repair.
Materials and Methods

Cell Cultures
All procedures were conducted according to the Ethics Committee of the 2nd Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China. Knee and hip chondrocyte material was obtained from 6-week-old Sprague Dawley rats. Briefly, articular cartilage was cut into 1-mm 3 particles. Then, the cartilage particles were digested and shaken with 0.2% collagenase II (Sigma-Aldrich, St. Louis, MO, USA) for 4 h at 37 C after 0.25% trypsin (Gibco RRL, Grand Island, NY, USA) treatment for 30 min. The chondrocytes were seeded into a culture flask and cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FBS, 100U/mL penicillin, and 100U/mL streptomycin at 37 C in a humidified atmosphere with 5% CO 2 . The medium was changed every 3 days.
Harvesting and Processing of the Adipose Tissue
After anesthesia with 4% pentobarbital sodium (Sigma-Aldrich), the abdomen of 9-week-old Sprague Dawley rats was sterilized and dissected for the adipose tissue. The harvested adipose tissue was transferred into Lipogems device and then processed as shown ( Fig. 1) . First, the closed system was filled with saline to eliminate air and the adipose tissue was pushed from the syringe into the device to obtain the first cluster reduction. When the desired amount of fat tissue was placed in the device, the whole bottle was fiercely shaken up and down for several minutes, and then the bottle was kept vertical until the floating fat was on the top of the device. With the switch on, the running saline took the generated oil and the blood residues away. The fat cluster was washed for another 3-5 times until the solution inside appeared clear. The second cluster reduction was obtained by pushing the floating fat cluster into a 10 mL syringe through the smaller reduction filter. The entire procedure, carried out in the closed, disposable and full-immersion device, progressively and gently reduced the diameter of the adipose tissue clusters from 1-3.5 mm to 0.2-0.8 mm.
Isolation and Culture of MFAT-Derived ASCs
According to the manufacturer's instructions 30 , the MFAT was cultured in a culture flask containing DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 U/mL streptomycin, and 1% L-glutamine, and maintained in a humidified incubator at 37 C with 5% CO 2 . The nonadherent fraction of the MFAT was discarded only after 2 weeks to ensure the ASCs could slip out. The medium was replaced every 4 days. When the culture reached confluence, cells were detached using trypsin-EDTA (Sigma-Aldrich) and sub-cultured for subsequent experiments.
Flow Cytometry Analysis
In order to determine ASCs phenotypes, about 1Â10 6 ASCs derived from MFAT were detached, re-suspended and incubated at 4 C in the dark for 30 min with the following antibodies: Phycoerythrin (PE)-labeled anti-CD29, anti-CD31, anti-CD34, anti-CD45, and anti-CD90 (BD Bioscience, San Diego, CA, USA) and PE-labeled anti-CD44 (eBioscience, San Diego, CA, USA). Matched isotype IgG was used for control. Cell fluorescence was determined by FACScan flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).
Multilineage Differentiation
To determine the ability of differentiation to adipocytes, ASCs were seeded in a 6-well plate at the density of 4 Â 10 4 with an adipogenic induction medium A (Cyagen, Chicago, IL, USA). Three days later, the medium was replaced by a maintenance medium B (Cyagen) for 24 h. After at least three times of repeated medium change, the cells were fixed in 4% paraformaldehyde and stained by fresh Oil Red O solution.
To determine the ability of differentiation to osteoblasts, ASCs were seeded in a 6-well plate at the density of 4 Â 10 4 Figure 1 . Schematic illustration of the Lipogems system for obtaining micro-fragmented adipose tissue (MFAT). First, the original adipose tissue was pushed through the blue filter for first cluster reduction. Then, the core device was fiercely shaken several times until the residual blood and oil were washed off by the running saline. The second cluster reduction was performed to obtain MFAT by pushing the inner adipose clusters into a syringe.
with an osteogenic induction complete medium (Cyagen), replacing the medium every 3 days. After 3 weeks incubation, the cells were fixed in 4% paraformaldehyde and stained by Alizarin red solution.
To determine the ability of differentiation to chondrocytes, about 5 Â 10 5 ASCs were pelleted in polypropylene conical tubes with a chondrogenic induction medium containing dexamethasone, ITS, transforming growth factor-b3, proline ascorbate, sodium pyruvate, and l-glutamine (Sigma-Aldrich). The medium was replaced every 3-4 days for 3 weeks. Then the pellets were fixed in 4% paraformaldehyde solution and cut into 5 mm sections for Alcian staining (Sigma-Aldrich).
Cell Scratch Assay
Chondrocytes were plated in 6-well plates (2 Â 10 5 cells/ well) and a scratch was made by using a 10 mL sterile pipette until the confluence reached 90% at 37 C with 5% CO 2 . Following washing with PBS for three times to remove the debris, the serum-free medium was added to the plate. Then, the MFAT (240 ml/well) was added to the upper chamber of 6-well transwell system (8 mm pore size, Costar, Kennebunk, ME, USA) in case of the direct contact with chondrocytes (PBS as control). After 24 h, the area of the scratch was photographed and measured by ImageJ (NIH, Bethesda, MD, USA) software.
Transwell Migration Assay
The MFAT (60 mL/chamber) was added with 10% FBS medium into the upper chamber of 24-well transwell system (8 mm pore size, Costar) and 10% FBS medium was also placed in the lower chamber. After 24 h of incubation, the upper chamber was removed and the medium in the lower chamber with secreted factors from MFAT was collected. Then, chondrocytes were seeded with serum-free medium into the upper chamber of another transwell at the density of 2 Â 10 4 and the collected medium with secreted factors was added into the lower chamber. The cells were fixed with 4% paraformaldehyde and stained by 0.5% crystal violet (Sigma-Aldrich) after incubation at 37 C in 5% CO 2 for 12 h; cells that did not migrate through the pores were gently removed by a cotton swab. Migrated chondrocytes were visualized using a light microscope and analyzed by ImageJ software. Three repeated experiments were performed.
Animal Experiments
Twenty-six 8-week-old Sprague Dawley rats were used for the experiment. Twenty-four rats were anesthetized by pentobarbital and the femoral groove was exposed through a parapatellar skin incision after the patella was dislocated laterally. Then an osteochondral defect (1.5 mm diameter and 1 mm depth) was created in the center of the groove using a special drill. After the joint capsule and the skin wound were closed, 50 mL MFAT was immediately injected into the intra-articular space of one side joint and the contralateral joint was treated with 50 mL PBS as control. The animals were randomly divided into four groups: defects treated with MFAT for 6 weeks (n ¼ 12), defects treated with PBS for 6 weeks (n ¼ 12), defects treated with MFAT for 12 weeks (n ¼ 12), and defects treated with PBS for 12 weeks (n ¼ 12). Another two unoperated rats were used as the normal group at 6 and 12 weeks. All animals were housed in cages with free movement.
Macroscopic and Histological Assessment
Animals were euthanized by pentobarbital at 6 and 12 weeks, the femur was harvested and fixed with 4% paraformaldehyde solution overnight, and the International Cartilage Repair Society (ICRS) macroscopic assessment ( Table 1) was graded by three independent researchers for blind macroscopic evaluation. Following decalcification with 10% Ethylene Diamine Tetraacetic Acid (Sigma-Aldrich) for 2 months, the samples were cut into 5-mm-thick sections. These sections were stained with hematoxylin/eosin (HE), safranin O/fast green (Saf-O) and a monoclonal antibody for type I, II, and VI collagen (Abcam, Cambridge, Mass, MA, USA). The cartilage repair was blindly scored by three independent researchers based on the modified O'Driscoll histologic scoring system ( Table 2) . 
Statistical Analysis
All quantitative data were presented as means + SDs. One-way ANOVA and post hoc Tukey's test was used and the value of p < 0.05 was considered statistically significant.
Results
Characterization of MFAT-Derived ASCs
The ASCs that emerged from MFAT were cultured for 7-21 days and representative cells were observed and photographed with light microscopy. The morphology of these cells exhibited a typical spindle shape ( Fig. 2A) . To determine whether these ASCs could differentiate into adipocytes, osteoblasts, and chondrocytes, different incubation environments were used to induce them. Three types of positive staining experiments, Red O, Alizarin Red S, and Alcian staining, proved the multipotential differentiation capability (Fig. 2B-D) . Flow cytometry analysis showed that MFAT-derived ASCs were positive for the expression of MSC markers CD29, CD44, and CD90, but negative for the hematopoietic markers CD31, CD34, and CD45 (Fig. 2E ).
The Effect of MFAT on Migration of Chondrocytes In Vitro
Using a wound-healing assay, we determined the effect of MFAT on the migratory ability of the chondrocytes. Compared with the control group, the MFAT group significantly increased cell migration into the wound area after 24 h in chondrocytes (p < 0.01, Fig. 3A, B ). In the transwell chamber analysis, MFAT enhanced the ability of chondrocytes to migrate with respect to that in the control group after 12 h (49.56 + 2.882 vs. 99 + 1.347 cells per field; p < 0.001, Fig. 3C, D) .
The Effect of MFAT on Repair of Cartilage Defects in the Rat Model
To determine the ability of MFAT to repair full-thickness cartilage defects in vivo, rat defects treated with MFAT or PBS were harvested at 6 and 12 weeks for analysis. At 6 weeks after treatment, the macroscopic appearance of the repaired tissue demonstrated that the defects were filled by neotissue to different degrees. The surface of the defects in MFAT group was more intact and smoother than in the control group (Fig. 4A) . However, the ICRS assessment score was 8.611 + 0.2982 in the MFAT group and 7.861 + 0.2766 in the control group, with no significant difference (p ¼ 0.0787, Fig. 4B ). HE, safranin O, and immunohistochemical staining were employed for the histological evaluation. Compared with the normal cartilage, the MFATtreated defects showed good subchondral bone reconstruction and hyaline cartilage formation with low expression of type I collagen and high expression of type II collagen. Most chondrocytes were observed to have a regular distribution and morphology accompanied by pericellular matrix staining of type VI collagen. In contrast, subchondral bone had hardly grown into the defect region and hyaline cartilage had rarely formed in the control group. The defect region was mostly filled by fibrotic tissue with higher expression of type I collagen and lower expression of type II collagen (Fig. 4C) . . 4D ). There was a significant difference in effect of repair between two groups (p < 0.01). At 12 weeks post-surgery, macroscopic observation showed nearly normal smooth cartilage surface and complete integration with surrounding cartilage in the MFAT group, and irregular surface and white neotissue filling in the control group (Fig. 5A) . The ICRS assessment score of that MFAT group was significantly higher than the control group (10.14 + 0.2943 vs. 8.806 + 0.3793, p < 0.05, Fig. 5B ). Histological evaluation showed the great degree of cartilage defect repair in MFAT group: there was complete subchondral bone reconstruction, a high amount of hyaline cartilage, a low level of type I collagen, and a high level of type II collagen. The chondrocytes were observed to have a regular distribution and morphology accompanied by pericellular matrix staining of type VI collagen. On the contrary, the PBS-treated defects showed incomplete subchondral bone reconstruction, lower amount of hyaline cartilage, higher level of type I collagen and lower level of type II collagen, which indicted a worse effect of cartilage repair (Fig. 5C ). The modified O'Driscoll score of the MFAT group was significantly higher than the control group (15.42 + 1.169 vs. 11.61 + 1.186, p < 0.05, Fig. 5D ).
Discussion
Our study suggests for the first time that the intra-articular injection of MFAT promotes repair of full-thickness osteochondral defects in a rat model.
Osteoarthritis, a chronic degeneration of articular cartilage, is a leading cause of severe disability and social burden 31, 32 . During the osteoarthritis process, the integrity of cartilage is destroyed followed by cartilage composition change, involving the constituent of extracellular matrix (ECM) rich in proteoglycans and collagens, which is associated with disordered catabolic activity and inflammation in the joint 33, 34 . As we know, in mammalian articular cartilage, the number of dividing chondrocytes may be less than 1% of the population, which explain its limited capacity for intrinsic healing and repair combined with the avascular and aneural nature of cartilage 35, 36 . Current therapeutic strategies for cartilage damage have limitations and deficiencies including mismatched architectural features, insufficient mechanical properties, and inadequate biological functions 37 .
To address these limitations, the therapeutic application of MSCs is a rapidly increasing area of investigation; many studies have displayed evidence of the benefit of MSCs in cartilage repair due to their self-renewal properties, multilineage differentiation potential, and immunomodulatory capacity [38] [39] [40] [41] . MSCs were originally identified in bone marrow, and exist in many other tissues such as adipose, umbilical cord, placenta, periosteum, and tendon 42, 43 . The points of most concern in stem cell-based therapies are how to enrich the suitable cell source, increase the differentiation ratio, and reduce side effects of tissue harvest. These conditions make adipose tissue the most desirable source of stem cells. ASCs are usually localized in the stromal vascular fraction of subcutaneous adipose tissue and are separated out through enzymatic digestion 44 . Generally, isolated ASCs are combined with various biomaterial scaffolds to enhance their regenerative efficacy in osteochondral defects in the injured area, to address the problems of short-lived survival and limited differentiation capacity when using stem cells alone. However, there is no optimal stimulation of ASCs to differentiate into chondrocytes prior to implantation, with complicated processing steps (enzymatic digestion, cell expansion, and differentiation), which increases the translational barriers 45 . Differently from scaffold-based ASCs treatment, the entire processing of MFAT is completed in a closed, fullimmersion, and physical environment, without enzymes or other additives. The MFAT exhibited a notably preserved vascular stromal niche, retaining elements with pericyte perivascular identity comprising high percentages of MSCs 30 . Shah et al. demonstrated MFAT as a direct source of ASCs through characterizing the surface marker and multilineage differentiation of ASCs from human lipoaspirates 46 . Here, we determined the same result in rat. It may therefore be hypothesized that these inherent ASCs will repopulate the lesion of cartilage to differentiate into chondrocytes following intra-articular injection of MFAT. The self-renewal and differentiation of stem cells are basically controlled by the niche through both intrinsic factors and the surrounding microenvironment 47, 48 . Furthermore, the vascular stromal niche provides sophisticated signals to manipulate the ratio of proliferation and multidirectional differentiation potentials, refraining from the aging and death during expansion in vitro. The MFAT acts as a slowreleased "natural scaffold," and continuously delivers growth factors, extracellular vesicles, and much other modulatory information into the microenvironment surrounding damaged cartilage when injected into the injured joint. Our migration experiment suggested that MFAT could recruit chondrocytes to the defect region from adjacent normal cartilage without direct intercellular contact. Likewise, Randelli et al. found that the proliferation of progenitor cells was significantly increased without change of multipotency when co-cultured with MFAT released factors 49 , and Ceserani et al. have shown their capacity to induce vascular stabilization and to inhibit inflammation through a paracrine activity 50 . These results show that the natural scaffold in osteochondral defect treatment using MFAT is as important as the ASCs. Despite the promising possibilities, however, there are no studies that evaluate the effect of MFAT on fullthickness osteochondral defects in vivo, which are needed before this approach may be deemed safe and effective for clinical use.
To study the effect objectively, we observed that MFAT injection in vivo significantly increases expression of hyaline cartilage, type II, and VI collagen in the defect area; this has been shown to play a leading role in the regenerative process, being the major ECM of normal cartilage. The time period of 12 weeks was selected based on a previous study, in which the osteochondral defect cartilage was sufficiently fully repaired in a rat model after 12 weeks 51 . In our study, enhanced macroscopic and histological evaluations (e.g., intact smooth surface, complete reconstitution of subchondral bone, and suitable collagen expression) showed the repaired cartilage could fit its biological function at 12 weeks after intra-articular MFAT injection. Nevertheless, future studies would need to dissect the components present in MFAT and investigate their underlying mechanisms in cartilage repair.
In conclusion, we isolated and characterized the ASCs derived from MFAT, determined enhanced migration on chondrocytes, and confirmed the promoted effect on osteochondral defect repair, which suggests a ready-to-use and effective therapy for cartilage repair to satisfy current needs.
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